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Austenitic stainless steels are common structural components in light water
reactors. Because reactor components are subjected to harsh conditions such
as high operating temperatures and neutron radiation, they can undergo
irradiation-induced embrittlement and related failure, which compromises
reliable operation. Small-scale mechanical testing has seen widespread use as
a testing method for both ion- and reactor-irradiated materials because it
allows access to the mechanical properties of the ion beam-irradiated region,
and for safe handling of a small amount of activated material. In this study,
nanoindentation and microcompression testing were performed on unirradi-
ated and 10 dpa proton-irradiated 304 SS, from 25�C to 300�C. Increases in
yield stress (YS), critical resolved shear stress (CRSS) and hardness (H) were
seen in the irradiated region relative to the unirradiated region. Relationships
between H, YS, and CRSS of irradiated and unirradiated materials are dis-
cussed over this temperature range.

INTRODUCTION

The degradation of mechanical properties of mate-
rials in nuclear environments is a major issue in the
nuclear industry. Understanding material perfor-
mance and the failure mechanisms of reactor compo-
nents in reactor environments remains critical.
Testing reactor-irradiated materialsposes constraints
due to lengthy time scales and material activation. Ion
beam irradiation is a surrogate irradiation technique,
allowing accelerated materials evaluation under
reactor-relevant conditions with full control of irradi-
ation parameters and little to no activation if the ion
beam energy is below material-specific thresholds.1–3

Since the ion beam irradiation depth is typically
limited to tens of micrometers, small-scale mechani-
cal testing (SSMT) is most suitable. Nanoindenta-
tion, microcompression, and other SSMTs have been
studied.4–8 Nanoindentation evaluates local hard-
ness changes in the irradiated area with minimal
sample preparation. Elevated temperature nanoin-
dentation measurement capabilities have developed
considerably9,10 to evaluate the hardness (H) and
reduced modulus (Er) of many materials,10,11 and to

study deformation mechanisms at different temper-
atures.11–13 It is challenging to extract macroscopic
mechanical properties like yield stress (YS) from
nanoindentation because of non-uniaxial stress
states.4 Microcompression testing complements
nanoindentation by providing more accurate esti-
mates of YS and other parameters.8

Little data exist on both nanoindentation and
microcompression at elevated temperatures on the
same irradiated material. Due to differences in
deformation mechanisms which occur at increased
temperatures, evaluating materials properties at
reactor operation temperatures is important to assess
in-service conditions. Here, nanoindentation and
microcompression are expanded to elevated tempera-
tures to assess material performance at both room
temperature (RT) and reactor operation conditions.

EXPERIMENTAL PROCEDURES

Sample Irradiation

The 304 SS has a nominal wt.% composition of
18–20% Cr, 8–12% Ni, <2% Mn and <0.03% C.
Before irradiation, the incident surface was
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mechanically polished and electropolished to pro-
vide a suitable surface for irradiation. Samples were
irradiated using 2 MeV protons to a dose of 10 dpa
at 360 ± 10�C in a Tandetron accelerator at the
Michigan Ion Beam Laboratory. Based on SRIM
calculations, the dose rate is �8 9 10�6 dpa/s
assuming full cascade with a displacement energy of
40 eV.14 The irradiation temperature approximates
light water reactor operating temperatures plus the
temperature shift accounting for the accelerated
irradiations.3 A description of the proton irradiation
procedures is presented in Ref. 15. Figure 1a shows
the dose profile with the ion penetration depth of
approximately 20 lm based on SRIM calculations.

Pillar Fabrication

A FEI Quanta 3D FEG dual beam, with a focused
Gallium-69+ ion beam and a SEM, was utilized. Pillar
manufacturing is described in Ref. 16. Pillar dimen-
sions were �3 lm 9 �3 lm 9 �10 lm. Figure 1b
shows a schematic of the testing configuration. Elec-
tron backscattered diffraction (EBSD) was used to
map grains close to the sample’s irradiated edge and in
the unirradiated region to identify single-grain testing
regions. Tests of the same temperature were per-
formed on pillars located in the same grain to make a
direct comparison. The pillars were fabricated in the
flat part of the dose curve not targeting the transition
between the irradiated and unirradiated zone.

High Temperature Nanoindentation and
Microcompression

Nanoindentation and ex situ microcompression
experiments, seen in Fig. 1b, at high temperature
were conducted using the Micro Materials Nano-
TestTM center. The indenter was placed in a purge
chamber during heating with pure argon to keep the
oxygen level below 2%. Measurements were con-
ducted at 25�C, 50�C, 100�C, 200�C and 300�C.
Mounting to the hot stage was done using ceramic
paste (OMEGATHERM�). The bond was cured for
24 h before testing. Nanoindentation measurements

with a cubic boron nitride (cBN) Berkovich indenter
were performed in cross-section with respect to the
irradiated surface. cBN is a suitable material for
these tests whereas diamond disintegrates at ele-
vated temperatures.17 Indents, placed 5 lm apart to
avoid plastic zone overlap, were introduced in a
depth-controlled mode up to 300 nm at a 1 mN/s
loading rate, a 2 mN/s unloading rate, and a 30 s
dwell time. 50 indent arrays were performed on
areas containing both non-irradiated and irradiated
regions, shown in Fig. 1b. The thermal drift was
below 0.3 nm/s. The last 60% of the 70-s drift mea-
surement at the end of each unloading cycle at 10%
of the maximum peak load was used. Hardness and
Er were calculated using load–displacement curves
by the Oliver–Pharr method.18 The location of the
indents was measured in the SEM.

For microcompression, a flat punch 10-lm-diam-
eter diamond indenter was used. For proper align-
ment, test indents were made on the surface to
verify the alignment as in Refs. 19, 20. The indenter
was used to measure the misalignment angle of the
sample by contacting the sample surface at several
points. Slopes in the x and y directions were recor-
ded and the tilt was corrected accordingly. Fine
alignment was conducted by evaluating the shape of
the imprint of the flat punch. A 100-nm-deep
imprint with a 10-lm flat punch leads to a maxi-
mum misalignment angle of 0.57�.

After alignment, the pillars were compressed using
the load controlled mode. Loading rates were 0.02–
0.05 mN/s and unloading rates�0.01 mN/s. The tests
were stopped manually after yielding. The waiting
time before each test to achieve thermal stability of the
indenter tip and the specimen was 10 min. A total of
30–40 compression tests were performed in non-irra-
diated and irradiated single grain regions. Due to the
large number of pillars and the limited grain size, not
all pillars were fabricated in the same grain. EBSD
verified the individual grain orientation. About 15
pillars were used for alignment technique develop-
ment processe, while 2–5 pillars were tested at each
temperature for each dose condition.

Fig. 1. (a) SRIM plot of dose profile. (b) Sketch of the sample. The red region represents the irradiation damage. A schematic plot of the dose
profile is drawn on the side, where the maximum dose peak is 20 lm from the sample edge.
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RESULTS

Nanoindentation

Representative load–displacement curves are
shown in Fig. 2a and c. Hardness at different tem-
peratures was calculated from curves obtained from
the irradiated and non-irradiated regions seen in
Fig. 1b. Since the location of each individual indent
was measured using a SEM, all hardness data can
be summarized in Fig. 2d as a function of the dis-
tance from the sample edge. Hardness measure-
ments are approximately constant in the irradiated
region, meaning irradiation hardening has satu-
rated by the 10-dpa dose; they also confirm that the
irradiation stopping point is �20 lm from the
sample surface. The hardness drops to the unirra-
diated bulk value after 20 lm. From Fig. 2e, the
average hardness values of irradiated and non-ir-
radiated materials are �6 GPa and �2.8 GPa at RT,
but at 300�C they decrease to �4.3 GPa and
�1.8 GPa. Differences in hardness between irradi-
ated and non-irradiated regions decrease with
increasing temperature.

Microcompression

Microcompression tests were performed up to
300�C in irradiated and non-irradiated areas. There
was insignificant change in YS with respect to
temperature for non-irradiated tests, whereas the
YS for irradiated tests decreases significantly with
respect to temperature, seen in Fig. 3d. At all test-
ing temperatures, irradiated pillars are much
stronger than their non-irradiated counterparts,
seen in Fig. 3a, d and e.

Representative true stress–true strain curves
calculated from the load–displacement curves are
shown in Fig. 3a. When a pillar is compressed by
the circular flat punch, the material below the pillar
also slightly deforms. The bulk displacement must
be accounted for in stress and strain calcula-
tions.21,22 True stress–true strain curves were cal-
culated using:22
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Fig. 2. Nanoindentation properties of irradiated and non-irradiated 304 SS between RT and 300�C. (a) Non-irradiated and (c) irradiated load–
displacement measurements. (b) SEM micrograph of a representative array of nanoindents. (d) Hardness versus depth curves at various
temperatures for indents in the irradiated region. (e) Hardness as a function of temperature for both irradiated and non-irradiated indents.
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where d (nm) is the recorded displacement, A (m2) is
cross-sectional pillar area, E (Pa) is Young’s Modulus,
h (m) is pillar height and F (lN) is the recorded load.

Values of 0.2% YS were obtained from true
stress–true strain plots by applying linear regres-
sion to the elastic region and finding the intersec-
tion between the curve and the regression line
which is offset by 0.2% strain. Pillars with different
grain orientations have different YS. Critical
resolved shear stress (CRSS), the shear component

of the YS required to initiate plastic deformation, is
calculated to account for the differences in crystal
orientation by Schmidt’s law:

rCRSS ¼ ry cosðuÞ cosðkÞ (3)

where u is the angle between the normal of the slip
plane and the direction of the applied force and k is
the angle between the slip direction and the direc-
tion of the applied force. ry is YS. u and k are
determined from EBSD. The orientations are mea-
sured by EBSD on the surface of pillar tops, and it is
assumed the single grain region extends to the base
of the pillars. Post-test SEM images of the pillars
can be seen in Fig. 3b and c. Pillars show multiple

Fig. 3. Microcompression properties of irradiated and non-irradiated 304 SS between RT and 300�C. (a) Representative stress–strain curves for
both non-irradiated and irradiated pillars spanning the range of temperatures tested. SEM images of a representative compressed, (b) non-
irradiated pillar and (c) irradiated pillar at 100�C. (d) YS and (e) CRSS versus temperature.
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slip steps along the same planes for a given crystal
orientation, which are assumed to be the maximum
Schmid factor of that orientation.

YS and CRSS are shown in Fig. 3c and d. At all
temperatures, YS and hardness values of irradiated
regions are significant higher than non-irradiated
values. The average YS of unirradiated and irradi-
ated pillars at RT are �127.5 MPa and �984 MPa,
respectively. The YS and CRSS of irradiated pillars
decrease dramatically with increasing temperature.
Since tests were conducted in different grains CRSS
should be compared rather than YS. The YS of
unirradiated 304SS does not vary significantly from
RT to 300�C.23 Non-irradiated pillars show more
slip bands after deformation at all temperatures.
Figure 3b and c, after the 100�C tests, shows that.

DISCUSSION

Figure 3b and c shows that irradiated material
contains fewer but stronger slip events than unirra-
diated material. It is speculated that radiation
damage pins dislocations and increases YS. How-
ever, once dislocations start moving, presumably
defect-free channels can form which localize defor-
mation. This formation of defect-free channels in
combination with the higher energy stored in the

material (higher YS of irradiated material vs. unir-
radiated material) leads to sudden large slip steps as
observed in SEM images at all temperatures.

Strength versus hardness relationships were
determined using the pillar-measured YS and CRSS
values from microcompression testing and com-
pared against the nanoindentation data. Figure 4a
shows average YS values normalized with respect to
the YS at RT plotted against average hardness
values normalized with respect to the hardness at
RT for both non-irradiated and irradiated materials.
A plot of average CRSS values against hardness
values with the same normalization for both non-
irradiated and irradiated materials is shown in
Fig. 4b. Good linear correlations are presented for
both irradiated and non-irradiated material. While
the correlation in the unirradiated material shows
nearly no change in YS, a significant change can be
seen in CRSS. From RT to 300�C, the relationship
for irradiated and unirradiated materials can be
described with the equations in Fig. 4a and b.
Tensile testing over the same temperature range
has been conducted on 304SS (not the same heat). It
was found that the correlation especially with the
YS converted from the hardness data as described
in Ref. 24 is very good and the macroscopic YS of

Fig. 4. Mechanical properties relationships of irradiated and non-irradiated 304SS normalized with respect to RT, with associated linear
regression relationships. (a) YS versus hardness; (b) CRSS versus hardness; (c) DYS versus DH; and (d) DCRSS versus DH.
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267 MPa (RT), 201 MPa (100�C) and 162 MPa
(300�C) can be found. This correlates well with YS
numbers converted from hardness data, as descri-
bed in Ref. 25, of 282 MPa (RT), 208 MPa (100�C)
and 126 MPa (300�C) while the pillar data of
127 MPa, 127 MPa and 126 MPa (RT, 100�C and
300�C, respectively) does not follow quite as well but
is in the same regime due to the fact that different
crystal orientations were measured in the pillar
experiment. Without further TEM, no detailed
explanations can be given and one can only specu-
late about the detailed mechanism. However, this
indicated that the properties at reactor operation
temperature must be measured directly and cannot
easily be determined by estimations from RT data.
Figure 4c and d displays the relationships between
the changes from an unirradiated property to an
irradiated property over the different temperatures.
While similar comparisons were made in the past
for different materials, leading to a number of
empirical equations describing the relationship
between hardness and YS at particular tempera-
tures, these relationships have not been established
over a range of temperatures. They are valuable for
estimating materials’ YS based on hardness testing
at a given temperature.26,27

CONCLUSION

This study presents the development of an ex situ
microcompression technique for characterizing
proton-beam-irradiated materials at reactor oper-
ating temperatures. Micro-pillars have been pre-
pared from irradiated and non-irradiated 304SS
and compressed over a range of temperatures from
RT to 300�C. The hardness and YS of irradiated
materials are significantly greater than non-irradi-
ated materials, with the irradiated region decreas-
ing more dramatically than the non-irradiated
region with respect to increasing temperature.
Irradiated pillars deform through fewer slip bands
than non-irradiated pillars at all temperatures.
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